Three-dimensional complete photonic-bandgap materials offer unique opportunities regarding the integration of optical waveguide architectures in three dimensions. However, corresponding experimental realizations are truly sparse. Here, we fabricate such waveguides using direct laser writing and a silicon double-inversion procedure. The optical characterization is in good agreement with theoretical calculations, raising hopes that even more complex architectures may soon come into reach. © 2010 Optical Society of America OCIS codes: 160.5293, 160.5298, 130.5296, 050.6875. The ongoing miniaturization of electronics and photonics will eventually lead to dense integration not only on the surface of wafers but rather in all three spatial dimensions. Theoretical architectures for such threedimensional (3D) photonic circuitry have been presented using 3D complete photonic-bandgap (PBG) materials as a platform into which waveguides, cavities, and combinations thereof can be integrated [1, 2] . Although the fabrication of 3D-PBG materials operating at relevant wavelengths is possible, although still demanding, the integration of waveguides and/or cavities therein combined with optical characterization has been accomplished by only a few groups worldwide so far. The majority of these works is based on sequential electron-beam lithography in combination with stacking techniques [3] [4] [5] [6] . Recently, waveguides inside a silicon woodpile with a total of up to nine layers in the third dimension have been demonstrated [7] . Using a different approach, namely, twophoton polymerization in colloidal crystals [8] , silicon inverse-opal structures with embedded waveguides have been created. In this Letter, we optically characterize 22 layers (more than five lattice constants) of body-centered cubic (bcc) silicon woodpiles exhibiting a complete 3D photonic bandgap [9] together with embedded acceptor-type waveguide arrays. The structures are fabricated using direct laser writing and silicon double-inversion.
The ongoing miniaturization of electronics and photonics will eventually lead to dense integration not only on the surface of wafers but rather in all three spatial dimensions. Theoretical architectures for such threedimensional (3D) photonic circuitry have been presented using 3D complete photonic-bandgap (PBG) materials as a platform into which waveguides, cavities, and combinations thereof can be integrated [1, 2] . Although the fabrication of 3D-PBG materials operating at relevant wavelengths is possible, although still demanding, the integration of waveguides and/or cavities therein combined with optical characterization has been accomplished by only a few groups worldwide so far. The majority of these works is based on sequential electron-beam lithography in combination with stacking techniques [3] [4] [5] [6] . Recently, waveguides inside a silicon woodpile with a total of up to nine layers in the third dimension have been demonstrated [7] . Using a different approach, namely, twophoton polymerization in colloidal crystals [8] , silicon inverse-opal structures with embedded waveguides have been created.
In this Letter, we optically characterize 22 layers (more than five lattice constants) of body-centered cubic (bcc) silicon woodpiles exhibiting a complete 3D photonic bandgap [9] together with embedded acceptor-type waveguide arrays. The structures are fabricated using direct laser writing and silicon double-inversion.
Direct laser writing (DLW) is an established technology for fabricating truly 3D nanostructures (see, e.g., the recent review [10] ). Here, we use the negative-tone photoresist IP-L from Nanoscribe GmbH and a commercial DLW instrument (Photonics Professional from Nanoscribe GmbH). Silicon replication of the resulting polymer structures via a double-inversion procedure has also been demonstrated [11, 12] . Yet substantial challenges do remain. Clearly, the waveguide-mode frequencies need to be located within the complete 3D-PBG. On the other hand, the creation of too many modes inside the PBG and the formation of surface modes have to be avoided by design. Just any hole within the PBG material will generally not fulfill these conditions. In fact, the waveguide properties quite sensitively depend on the exact positioning of the void region with respect to the bare photonic-crystal backbone as well as on the precise surface termination. Taking a straight waveguide as an example, we have independently arrived at a design that is closely similar to that previously published in [7] . The challenges mentioned also apply to the fabrication. To allow for quantitative spectroscopic optical characterization in both experiment and theory, we fabricate square arrrays of such 1D waveguides as are shown in Fig. 1 (a) (4 × 4 supercell). Figure 1 (b) exhibits an electron micrograph of a corresponding polymer template structure directly made by DLW; Fig. 1(c) shows an electron micrograph of a silicon structure after focused ion beam (FIB) milling to reveal the 3D interior of one of the waveguides within the 3D bcc woodpile photonic crystal. Clearly, the structural quality of the experimental results shown in Fig. 1 is very high. Yet, for optical devices, spectroscopic optical characterization is even more important. Our corresponding results using a commercial Fourier-transform microscope-spectrometer (Bruker, Equinox 55, Opticon 36× Cassegrain objective) are summarized in Fig. 2 . Figure 2 (a) shows normalincidence intensity reflectance and transmittance spectra on a logarithmic scale and for unpolarized incident light. In transmittance mode, the background suppression of this instrument is somewhat of an issue [12] . Thus, in what follows, we focus on measurements performed in reflectance. The reflectance spectra shown on a linear scale in Fig. 2(b) are taken for reflected linear polarization of light parallel and perpendicular to the upmost layer of rods of the woodpile, respectively. These spectra reveal a broad stopband that is superimposed by narrow dips, the precise position of which somewhat depends on polarization. Note that these dips result from the superposition of about 20 different waveguides within our measurement area. Thus, the mere presence of these narrow dips already imposes an upper bound on the possible imperfections among the different waveguides.
To further analyze these experimental findings, we compare them with (i) numerical band-structure calculations (using the freely available MPB package [13] ) as well as with (ii) scattering-matrix calculations (using a homemade computer program along the lines of [14, 15] ). Regarding the band-structure calculations, (i) above, we start with the bare bcc woodpile, i.e., without any waveguides. These results are depicted in Fig. 2(c) . Here, we have used the structural parameters shown in Fig. 1(a) (rod distance a ¼ 782 nm, rod width d ¼ 0:28 a, rod aspect ratio χ ¼ 1:3). We describe the actual silicon rods with hollow core arising from the double-inversion process [11] [see Fig. 1(c) ] by massive rods with identical shape and dimensions but with an effective dielectric function slightly below that of bulk silicon. Precisely, we choose ϵ ¼ 11. The resulting band structure shown in Fig. 2(c) exhibits a complete 3D-PBG with a gap-tomidgap ratio of 15.4%. To allow for direct comparison, this complete gap is highlighted by the dark gray area throughout Fig. 2 . The stop band relevant for the spectroscopy direction, shown in light gray throughout Fig. 2 , is obviously broader than the bandgap.
Next, we calculate the band structure of the complete structure comprising the 2D array of 1D waveguides (lateral width L ¼ 0:72 a) within the 3D woodpile photonic crystal. The waveguide dispersion of interest is depicted in Fig. 2(d) for the actually used 4 × 4 supercell. Two dispersion branches lie within the complete 3D-PBG. The longer-wavelength branch is not relevant here, because light cannot couple to this mode under normal incidence conditions, owing to symmetry. In contrast, the doubly degenerate short-wavelength branch can be coupled to. Its spectral position is highlighted in white throughout Fig. 2 . The results for the 7 × 7 supercell shown in Fig. 2(e) are very similar to that of the 4 × 4 supercell. We can conclude that interaction effects among the waveguides in the array are only of minor importance. Thus, we effectively study single-waveguide properties.
To check these results and to allow for an even more direct comparison with experiments, we have also performed scattering-matrix calculations, (ii) above. In contrast to the band structure, which refers to a fictitious crystal that is infinitely extended in all three spatial dimensions, the scattering-matrix approach allows calculation of the normal-incidence reflectance of the actual structure with its finite thickness of 22 layers on a glass substrate (with refractive index 1.5). Otherwise, we use exactly the same parameters as for the band-structure calculations. We have used a spatial discretization of 15:6 nm in propagation direction and a number of 1185 Fourier modes laterally, leading to results that are converged better than 1%. The resulting normal-incidence stopband in Fig. 2(f) nicely agrees with that obtained from the band-structure calculations in Fig. 2(c) . The reflectance dip for the complete structure also found in Fig. 2(f) nicely agrees with the expectation from the waveguide band shown in Fig. 2(d) . This dip also roughly agrees with our experimental findings in Fig. 2(b) . The observed broadening of the experimental dips is very likely due to small variations in size and shape of the different waveguides in the measurement area. Additional symmetry breaking by sample imperfections leads to a splitting between the two orthogonal linear incident polarizations [see Fig. 2(b) ]. This behavior has recently also been found in closely related waveguide structures published by the Noda group [7] .
For applications of waveguides, the waveguide performance is obviously a key quantity. An estimate for the losses of our waveguides can be given on the basis of theory: For zero loss, the total transmittance corresponding to the reflectance shown in Fig. 2(f) is simply the complement of the reflectance, i.e., roughly 35% at the waveguide resonance (not depicted). The experimental transmittance peak in Fig. 2(a) is rather only about 0.45% in height. It is known from 2D photonic crystal waveguides that the propagation loss originates mainly from Rayleigh scattering owing to surface roughness, which can be mimicked by adding a fictitious imaginary part of the air refractive index ImðnÞ. The transmittance spectra shown at the bottom of Fig. 2 (f) (multiplied by a factor of 50) correspond to the fit parameter ImðnÞ ¼ 0:004. This choice roughly matches the experimental observation of 0.45% in Fig. 2(a) . It represents an upper bound, as the 0.45% also include diffraction of light at the output of the waveguide array that is not collected by the microscope lens, whereas the theory collects all diffracted orders. An exact experimental determination would require the comparison of waveguides of different length to separate in-coupling losses from propagation losses. Our estimated value of ImðnÞ ¼ 0:004 cannot currently be compared to any other published 3D experiment, but it may serve as a reference for future publications.
The beauty of our fairly simple fabrication technology is that many other 3D waveguide architectures can immediately be realized. Figure 3 gives an overview over a variety of structures embedded within a single 3D woodpile sample. These structures are neither necessarily optimized, nor are we in a position to directly compare them with theory at present. Nevertheless, these images do give a flavor for what level of complexity of 3D photonic circuitry may come into reach in the near future.
In conclusion, we have characterized high-quality straight waveguides embedded in 3D silicon woodpile photonic-bandgap materials, fabricated using two tabletop technologies.
